and Bohlman and Cook 4 proposed a modified technique performed via a 1-stage posterior procedure that included posterior decompression, posterolateral fusion, and oblique interbody fusion with an autologous fibular strut graft inserted from a starting point between the S-1 and S-2 nerve roots. Proposed benefits of the oblique interbody fusion include increasing surface area for graft incorporation and a stabilizing effect of the graft with respect to slip. 33 The Bohlman technique was described prior to widespread adoption of modern pedicle screw instrumentation. Concerns regarding the original Bohlman transsacral interbody fusion technique have included graft site morbidity, late graft fracture, and incomplete reduction of the slip angle of the spondylolisthesis. 2, 3, 6, 9, 15, 16, 27, 33, 35 Given these issues, several authors have advocated complete reduction of anterolisthesis by using pedicle screw instrumentation. This approach has resulted in L-5 nerve root palsies in some patients, as well as instrumentation failures, particularly at the sacrum. Some authors now advocate supplementary pelvic fixation to avoid S-1 pedicle screw failures. 7, 13, 25 Addition of transsacral and/or pedicle screw instrumentation to supplement a Bohlman oblique interbody fusion may help address the previous issues of late graft failure and incomplete reduction of lumbosacral kyphosis. 32 Titanium mesh cages used in place of the fibular graft may also reduce late failures. The objective of this study was to evaluate radiographic and clinical outcomes in adult and pediatric patients with high-grade spondylolisthesis who were treated with an augmented Bohlman procedure in which transsacral and/or pedicle screw fixation and either a fibular graft or titanium mesh cage were used for oblique posterior interbody fusion (Fig. 1 ).
Methods
After internal review board approval, a retrospective review of consecutive patients who underwent a modified Bohlman procedure for high-grade (Meyerding Grade 3 or 4) spondylolisthesis at 2 university-based centers between August 2001 and August 2011 was undertaken. The operations were performed by 4 surgeons. Given the widely variable approach to surgical management of high-grade spondylolisthesis, we believed that attempting a multicenter analysis was not viable.
Clinical variables included patient age and sex, primary presenting symptoms, neurological dysfunction prior to or after surgical correction, and any previous surgical procedures for the spondylolisthesis. Surgical variables collected included the level of fusion, type of interbody device (titanium mesh cage or fibular strut), instrumentation pattern (transsacral or pedicle screws), the use of bone morphogenetic protein-2 (BMP-2), estimated blood loss (EBL), operating time, Wiltse classification type, 40 and perioperative complications (Table 1) . In all cases, the procedure consisted of a single-stage posterior approach, including complete resection of the L-5 lamina and inferior facets as well as a laminectomy of S-1. Posterior instrumentation was performed either from L-4 to S-1 or L-5 to S-1. Efforts were made to reduce lumbosacral kyphosis but not the anterolisthesis itself. In patients with neutral slip angles or in whom lumbosacral kyphosis reduced with positioning and laminectomy, oblique transsacral S-1 pedicle screws were placed (Fig.  2) .
1 If further reduction of the slip angle was required, this was performed using standard L-4 and S-1 pedicle screw instrumentation prior to the interbody fusion (Fig.  3) . Oblique interbody fusion was performed using fibular strut autograft or allograft, or using a 50-mm × 10-to 12-mm-diameter titanium mesh cage filled with autograft or BMP-2. 4, 33 No BMP was used in interbody grafting performed with fibulae. No patient underwent placement of iliac fixation.
Upright spine radiographs were evaluated by a single independent reviewer (C.M.D.). Pelvic incidence was measured from preoperative digital radiographs. Slip percent and slip angle were measured digitally from standing presurgical and final follow-up evaluations by using standardized methods. 28, 40 Implant and fusion status were evaluated using plain film, flexion-extension, lateral radiographs, supplemented by CT scans for selected patients at the direction of the operating surgeon.
Statistical analysis of pre-and postoperative slip percent and slip angle was performed using paired t-tests with a level of significance set at 0.05. The primary outcomes evaluated were occurrence of perioperative complications and need for revision procedures. Final Oswestry Disability Index (ODI) and Short Form-12 Health Survey (SF-12) scores were obtained and compared with published normative values.
Results
Sixteen patients (12 female and 4 male; mean age at time of surgery 29.2 years; range 9-66 years) were identified. Fourteen of the 16 patients had isthmic spondylolisthesis, 1 patient had a dysplastic spondylolisthesis associated with trichorhinophalangeal syndrome Type II (Case 14), and 1 had a traumatic spondylolisthesis (Case . One patient had previously undergone laminotomies at L5/S1 prior to being seen in our clinic (Case 7). No patient had had prior lumbar arthrodesis. Fourteen patients reported severe axial and back pain, 5 patients had radicular pain, 2 had lower-extremity sensory deficits, and 1 had a unilateral lower-extremity motor deficit (foot drop).
The mean pelvic incidence measured preoperatively was 80°, consistent with prior reports of high pelvic incidence among patients with high-grade spondylolisthesis. 14, 21, 23 Ten patients underwent fusion of L4 -S1 and 6 underwent fusion of L5-S1. Six patients underwent placement of transsacral screws alone (Fig. 2) , 7 had standard pedicle screw fixation (Fig. 3) , and 3 had transsacral screws at S-1 attached to standard pedicle screws in L-4. Four patients received fibular allografts and 1 patient received a fibular autograft; 11 patients received titanium mesh cages. Four patients received BMP-2. The mean duration of surgery was 360 minutes (range 240-480 minutes), with mean intraoperative blood loss of 763 ml (range 200-1500 ml). The mean hospital stay was 5.8 days (range 2-10 days).
There were no intraoperative complications during the index fusion procedures. Postoperatively, 3 patients developed iliac crest donor site infections requiring irrigation and debridement. One patient developed deep vein thrombosis requiring readmission to the hospital for evaluation and management. One patient had persistent L-5 radicular pain and paresthesia with positive electromyographic change but without motor weakness. This failed to resolve despite revision foraminal decompression. One patient developed an epidural hematoma that required a return to the operating room for evacuation.
There were 2 interbody graft failures among the 6 patients treated with isolated transsacral screws (2 [33%] of 6). One 19-year-old patient (Case 10) (Fig. 4) developed worsening back pain at the 6-month postoperative follow-up. Her CT scans at that time showed failure of the cannulated transsacral screws and midshaft fracture of the fibular allograft, despite apparent incorporation of the ends of the graft at both L-5 and S-1. The patient underwent a successful revision procedure consisting of anterior discectomy and fusion with BMP-2, along with posterior spinal fusion with pedicle screw instrumentation at L5-S1. The second construct failure occurred in a 16-year-old male patient who developed worsening back pain 3.3 years after undergoing transsacral screw fixation with a titanium mesh cage for interbody fusion (Case Fig. 2 . Case 16. Sagittal CT scan (A) obtained in a 9-year-old girl with a dysplastic Grade 3 spondylolisthesis. The patient was neurologically intact but did complain of radicular leg pain. Slip angle was 17° and anterolisthesis was 53%. Final lateral (B) and AP (C) radiographs obtained 6 years and 4 months postoperatively. The patient was asymptomatic, with solid fusion seen. Slip angle was 5° and anterolisthesis measured 30%. We would not advocate isolated transsacral screws except in small children; we also prefer solid shank as opposed to cannulated screws for this application. . At that follow-up, radiographs revealed a fracture of the titanium mesh cage with nonunion. The patient underwent revision of instrumentation and successful posterolateral arthrodesis. As a result of these failures, the authors now reserve isolated transsacral screws only for young children (Fig. 2) .
The mean preoperative anterolisthesis improved from 62% to 37% (p < 0.01) at the final follow-up in the 16 patients. The mean slip angle improved from 18° (range 13-25°) preoperatively to 8° (p < 0.01) postoperatively in these patients (Table 1) .
Outcome scores at final 2-year minimum follow-up were obtainable from 13 (81%) of 16 patients; 3 patients were lost to follow-up. Final postoperative ODI scores were 16.8 ± 18.1, compared with a US population norm of 10.2.
11 The SF-12 physical component score (PCS) was 48.9 ± 9.8, and the mental component score (MCS) was 48.4 ± 10.6. Population norms for both PCS and MCS scores are 50 (Table 2 ).
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No nonunions or late failures were seen in patients receiving pedicle screw instrumentation augmenting the oblique interbody fusion (Fig. 3) . No patient experienced a postoperative motor deficit in L-5 or other neurological distribution.
Discussion
The natural history of high-grade spondylolisthesis is not favorable, and many authors have concluded that surgical management is appropriate for symptomatic patients. 5, 17, 20, 24, 26, 33, 37 Although the surgical goals of achieving solid arthrodesis, reduction of lumbosacral kyphosis, and neurological decompression are widely agreed on, the optimal surgical technique remains in dispute. Given the relatively small number of affected patients, retrospective comparisons of fusion and complication rates may be the best means available of evaluating treatment outcomes. 18, 20, 25, 30, 32 Successful use of a fibular strut for oblique interbody fusion in surgical management for high-grade spondylolisthesis has been well documented in the literature. 10, 20, 29, [33] [34] [35] However, graft failure and recurrent instability are recognized complications of this approach. 25, 32 These failures probably represent a fatigue fracture due to the high loads encountered, along with weakening of the graft by bone resorption following healing. 8, 22, 39 In addition, placement of an oblique interbody device without reduction of the slip angle effectively fixes the spine in a position of lumbosacral kyphosis, with potential longterm detrimental effects.
Recognition of these limitations has led several authors to propose modifications to the original Bohlman technique. These have included replacement of the fibular strut graft with a titanium mesh cage, 2, 3, 31 as well as reduction and augmentation with pedicle screw or transsacral screw instrumentation. 25, 32 Modern instrumentation techniques allow complete reduction of the anterolisthesis, presenting the option of using standard interbody fusion techniques. In fact, complete reduction of the anterolisthesis makes placement of an oblique cage impossible. Although advocates of reduction argue for the benefits of increased surface area for fusion, we are aware of no evidence that residual anterolisthesis affects long-term outcomes as long as stable arthrodesis and kyphosis reduction are achieved. However, reduction of anterolisthesis has been associated with increased rates of neurological complications, especially L-5 motor deficit (foot drop). 24, 28 In addition, the resulting forces on the instrumentation have led to implant failures, with a resulting need for revision and extension of the primary construct or addition of pelvic fixation.
7,25
The modified Bohlman technique described here has resulted in successful fusion in the majority of our patients, with no occurrences of motor deficit. The technique is readily learned by most spine surgeons, whether treating pediatric or adult cases, as demonstrated by its adoption by multiple practitioners in our community. Another attractive aspect of the technique is the reduced need for L-5 pedicle screws, because the oblique interbody device provides some stability of L-5. The high fusion rates reported support this idea.
The only nonunions in our cohort occurred in 2 patients treated with isolated transsacral instrumentation (Fig. 4) . Despite these failures, there may still be a role for this technique using solid shank instead of cannulated screws (Fig. 2) in younger, smaller patients. One potential advantage of this approach is a limitation of the fusion to a single segment as well as an avoidance of surgical insult to L4/5 facets during the procedure.
The limitations of this study include a relatively small patient cohort and lack of long-term follow-up for some patients. Given these limitations, our data lack the power needed to make statistical comparisons of techniques, and should thus be considered a descriptive, Level IV re- view. Nonetheless, the size of this cohort and follow-up duration are comparable to those in many published series, reflecting the rarity of high-grade spondylolisthesis.
Patients with high-grade spondylolisthesis remain a rare but challenging group. A modified Bohlman procedure, with replacement of the autologous fibular strut by a titanium mesh cage and addition of spanning pedicle screw and/or transsacral screw fixation, results in satisfactorily reproducible clinical outcomes across multiple surgeons. Rates of neurological deficit appear to be reduced by limiting efforts at reduction to the lumbosacral kyphosis only, without attempting complete reduction of anterolisthesis.
Conclusions
The modified Bohlman technique for treatment of high-grade spondylolisthesis had reproducible outcomes among multiple surgeons, and resulted in significant improvements in slip percent and slip angle. Fusion rates were high, especially with spanning instrumentation augmenting the oblique interbody fusion, and rates of L-5 motor deficit were low in comparison with techniques involving reduction of the anterolisthesis.
